ABSTRACT: The evaluation of the nutritional status in eucalypt (Eucalyptus grandis W. Hill ex Maid.) forests through vegetal tissue analyses what reflects water and nutrient flows in the system, and represents a complementary tool to soil analysis can be helpful to raise and maintain the forest productivity at high levels. This study compared the use of the Diagnosis and Recommendation Integrated System (DRIS), Modified-DRIS (M-DRIS), and Compositional Nutrient Diagnosis (CND) diagnose methods in eucalypt stands in Central-Eastern Minas Gerais State, Brazil. Data of productivity and of N, P, K, Ca, and Mg leaf contents in 993 Eucalyptus grandis stands aging between 72 and 153 months, planted on six sites in 3 × 2 m spacing, were used. The nutritional status was diagnosed by the DRIS, M-DRIS, and CND methods, and validated by the chi-square (χ 2 ) test applied to the nutrients diagnosed as primary limiting by deficiency. These three methods were compared to each other based on the diagnosis concordance frequency (DCF) derived from the fertilization response potential (FRP) by the criteria considering each nutrient separately; from all (5) to none (0); and only the primary limiting nutrients by either deficiency or excess. The diagnosis concordance level among the methods was procedure-dependent, and varied according to the nutrient concentration in trees. Key words: Eucalyptus grandis, leaf analysis, leaf diagnosis, mineral nutrition
INTRODUCTION
The use of the critical level for the evaluation of crops or forests nutritional status is questionable, since it does not define whether the deficiency is acute or not, nor if the nutrient is the most limiting when more than one nutrient is classified as deficient (Baldock & Schulte, 1996) . Furthermore, nutrient tissue contents are influenced by dilution or concentration effects caused by variations in the dry matter yield quantity (Jarrel & Beverly, 1981) .
Diagnosis methods dealing on plant tissue analyses play a key role on precise definition and interpretation of the nutritional plant status, since reveals greater constancy of nutrient relations, compared separately to each nutrient content, as well as in relation to the tissue age (Beaufils, 1973) . The Diagnosis and Recommendation Integrated System (DRIS) and the modified DRIS stand out among the bivariate diagnosis methods; the Compositional Nutrient Diagnosis (CND) stand out as multivariate method.
The DRIS method, proposed by Beaufils (1973) , is based on the comparison of dual relationships (N/P, P/ K, K/Ca, Ca/Mg, etc.) in samples with standard or norms values. The M-DRIS method (Hallmark et al., 1987 ) also considers nutrient contents, and not only their dual relationships. On the other hand, the CND method (Parent & Dafir, 1992) , relies on studies developed by Aitchison (1982) , which involve statistical composition data analysis, based on the establishment of multinutrient variables (z), weighed by the geometric mean of the nutritional composition.
Consistency of interpretation of plant tissue analysis increases according to the extent by which the univariate approach (of the critical level) is amplified, so that two-by-two relationships (dual relations) between nutrients are observed, (bivariate approach). Progressively, ternary relations are included, until ideally, through multivariate focus, the entire variation structure of the nutritional composition is embraced (Holland, 1966) .
The most outstanding studies among the many that use DRIS diagnosis methods are eucalypt Wadt (1996) and Wadt et al. (1998a) , for eucalyptus; Hartz et al. (1998) for tomato, and Reis Jr. & Monnerat (1998) for sugarcane; for M-DRIS, Hallmark et al. (1989; for soybeans, (Creste et al., 2001 ) for maize; and for CND, Parent et al. (1994) ; and Khiari et al. (2001) and for potato, and (Raghupathi & Bhargava, 1999) for grape. A comparison of the nutritional diagnosis methods, with well-differentiated characteristics of index calculation and interpretations, is fundamental to identify differences between results yielded by each method, allowing an enhanced diagnosis of the nutritional state. The present study compares the use of the methods DRIS, M-DRIS, and CND in eucalypt forests, at sites in the Central-Eastern region of Minas Gerais State, Brazil.
MATERIAL AND METHODS
Data of productivity and N, P, K, Ca, and Mg contents in Eucalyptus grandis leaves were used. The trees, aging 72 to 153 months, were planted in 3 × 2 m spacing at six sites: Cocais, Piracicaba, Rio Doce, Sabinópolis, Santa Bárbara, and Virginópolis, in the Central-Eastern region of Minas Gerais State, in 993 stands. Sites' geographic location and altitude are represented in Table 1 .
Data were stratified according to their sites: Cocais n = 191, Piracicaba n = 201, Rio Doce n = 54, Sabinópolis n = 198, Santa Bárbara n = 180, and Virginópolis n = 169 stands. The stand population was stratified according to age, in 12-month intervals, counted from the youngest age on. For each age class, mean and standard deviation of the mean annual stem volume increase (IMA) were calculated, and the population classified in stands of low and high productivity. The latter was defined as population of reference (> µ + 0.5 SD).
Diagnosis of the nutritional status were made by the methods DRIS (Beaufils, 1973) and M-DRIS (Hallmark et al., 1987) , where all relationships (direct and inverse forms) were taken into consideration. The diagnosis was also made by the Compositional Nutrient Diagnosis (CND) method, according to Parent & Dafir (1992) .
The norms, site-specific and regarding the reference population, consisted in: mean and standard deviation of all dual relations between the studied nutrients for the DRIS; mean and standard deviation of the N, P, K, Ca, and Mg contents and of all dual relations for the M-DRIS; mean and standard deviation of the multinutrient variables zN, zP, zK, zCa, and zMg; and g(x) (Parent & Dafir, 1992) for the method CND, calculated as:
where g(x) = geometric mean of the nutritional composition; N, P, K, Ca, and Mg = respective nutrients contents (g kg -1 ); R = value of the complement to 100 g kg -1
of dry matter in relation to the sum of N, P, K, Ca, and Mg; D = number of diagnosed nutrients, including the complement (R); z i = multinutrient variable; and x i = nutrient content for which the multinutrient variable is calculated. For the calculation of the DRIS and M-DRIS functions, Jones' equation (1981) was used as follows:
where 10 = sensitivity coefficient (Black, 1993) ; A/B = dual relation between the "A" and "B" nutrient concentrations (g kg -1 ) of the diagnosed subpopulation; a/b = dual relation between the "a" and "b" nutrient concentrations (g kg -1 ) of the reference subpopulation; and s = standard deviation of the dual relation of the reference subpopulation. Founded on the values of all DRIS functions, the DRIS index for each nutrient was calculated as follows:
where I A = DRIS index of the nutrient; = mean of the Table 1 -Geographic coordinates and altitude of the sites. DRIS functions; f(A/B) and f(B/A) = DRIS functions in the direct and inverse forms, respectively; and n = number of DRIS functions (f). Subsequently, the mean nutritional balance index (IEN m ) (Wadt et al., 1998b) for the different sites was obtained by summing up the nutrient indices in a module and by dividing this value by the number of analyzed nutrients.
To calculate the M-DRIS functions and indices, and the dual relations, the nutrient contents were taken into account. In analogy to the establishment of the DRIS indices by means of the nutrient content functions involved in the diagnosis, the M-DRIS dry matter index was obtained too. The following equation allowed the calculation of the Iz i indices for the CND method:
where Iz i = index of the multinutrient variables; Z i = multinutrient variable of the diagnosed sample; z i = mean of the multinutrient variable in the reference subpopulation; and sz i = standard deviation of the multinutrient variable in the reference subpopulation. As for the IEN m (Wadt et al., 1998b) calculated for the DRIS, this index was computed for the CND at the different sites. For the DRIS and M-DRIS methods, the function and index calculations were performed with routines developed in Excel 5.0; zN through zMg as well as the CND nutrient indices were also established with Excel 5.0.
The nutritional status diagnosis made by the three methods was statistically validated by the chi-square test (α = 0.10) based on the counted frequency of the number of times each nutrient appeared as primary limiting by deficiency. As zero hypothesis (H 0 ) was considered the one where this frequency was random-attributed, suggesting that the observed and expected frequencies did not differ from each other; the alternative hypothesis (H 1 ) indicates that there are differences between the observed and the expected nutrient frequencies. For each method, the expected frequency was equal to the total number of observations at each site divided by the total number of analyzed nutrients.
The concept of the fertilization response potential (FRP) (Wadt et al., 1998b ) was adopted to interpret the DRIS and CND indices (Table 2) , and the M-DRIS index (Table 3 ). The nutrients of the low-productivity stands at each site were therefore classified according to the fertilization response potential: positive (p), positive or zero (pz), zero (z), negative or zero (nz), and negative (n). For easier interpretation of the M-DRIS indices, the adjusted M-DRIS index -the difference between the index of a certain nutrient and of the dry matter -was calculated.
The DRIS, M-DRIS, and CND methods were compared, based on the diagnosis concordance frequency (DCF) derived from the fertilization response potential (FRP), focusing on the following situations: separate nutrients; from all (5) down to none (0); and only for the primary limiting deficient nutrient (p) and excessive nutrient (n). Moreover, low-productivity subpopulation stands were selected at Virginópolis with different nutrient concentration degrees in the trees, considering the IMS (M-DRIS) and G(X) (CND) values, in order to verify the behavior of these methods regarding the diagnose interpretation.
RESULTS AND DISCUSSION
High productivity stands presented a mean frequency of 30.61% and low variation among the sites (from 27.8% in Virginópolis to 33.3% in Rio Doce) (Table  4) , reflecting the statistical criterion used to separate high and low-productivity subpopulations. The percentage increases of stem productivity in the high-productivity stands in relation to the low-productivity ones were the following: Cocais 79.7, Piracicaba 81.9, Rio Doce 51.3, Sabinópolis 73.6, Santa Bárbara 78.2, Virginópolis 52.3, and 70.9 for the all sites. Except for Rio Doce, productivities of the reference population, although not IEN m = mean nutritional balance index; + LF = most limiting deficient nutrient; + LE = most limiting nutrient in excess; positive (p); positive or zero (pz); negative (n); negative or zero (nz) and zero (z). Adjusted M-DRIS index = nutrient index -dry matter index; IEN m = mean nutritional balance index; + LF = most limiting deficient nutrient; + LE = most limiting nutrient in excess; positive (p); positive or zero (pz); negative (n); negative or zero (nz), and zero (z).
clonal, presented quite satisfactory values (Table 4) . Although the studied eucalypt populations aged between 72 and 153 months, stratification according to age class certainly contributed to equalize possible age effect, even though small, in the referred age group. The norms determined for the DRIS, M-DRIS, and CND methods at the different sites are displayed in Table 5 . Note the values of the dual relations and the multinutrient variables differed, in most situations, between high and low-productivity subpopulations, based on the variance ratio or, much more frequently, in relation to the means.
The validation of the diagnosis (norms) is traditionally carried out by factorial schemes, based on fertilization experiments (Caldwell et al., 1994; Payne et al., 1990; Elwali & Gascho, 1984; Bailey et al., 1997) . Because of the lengthy time required to determine results, this kind of validation is more complicated for a crop like eucalypt. In this case, an alternative to validate results is to determine whether the frequencies of the most limiting nutrients (response p) are randomized or not.
In this study, corresponding to the one used by Wadt et al. (1998a) , the test of hypothesis was carried out by the chi-square test applied to the counted frequency in which each nutrient appeared as primary limiting by deficiency (response p) at the different sites by the DRIS, M-DRIS, and CND methods. With exception of the Rio Doce site, the referred frequency cannot be attributed to coincidence, in other words, the indices obtained by these methods are viable to evaluate the nutritional status of eucalypt trees (Table 6) .
A comparison among the DRIS, M-DRIS, and CND methods was performed by means of specific norms, based on the frequency of concordant diagnoses (DCF) derived from the fertilization response potential (FRP), where three different criteria were taken into consideration. The first criterion considered the nutrients N, P, K, Ca, and Mg separately in the DCF evaluation of the FRP, and mean values of 65.0% (DRIS vs M-DRIS), 86.3% (DRIS vs CND), and 68.6% (M-DRIS vs CND) were established for all sites (Table 7) . However, for the second criterion, the DCF of the FRP for all sites, considering all (5) nutrients, had means of 17.4% (DRIS vs M-DRIS), 54.3% (DRIS vs CND), and 20.3% (M-DRIS vs CND) ( Table 8 ), meaning that, 82.6%, 45.7%, and 79.7% of the stands were diagnosed differently in at least one nutrient, respectively. This kind of comparison expresses the highest level of similarity among the methods.
A third criterion of evaluation was introduced, in a less rigorous but more adequate comparison from a practical point of view. The DCF of the FRP for the primary limiting by deficiency (p), considering all sites, was 77.8% (DRIS vs M-DRIS), 90.4% (DRIS vs CND), and 79.0% (M-DRIS vs CND) ( Table 9) , whereas the primary limiting by excess (n) was 42.7%, 85.6%, and 43.9%, respectively.
As observed for the response "n", the concordance is smaller when M-DRIS takes part in the comparisons. This results from the fact that, in average, the stands present nutrient dilution, evidenced by the positive dry matter index values (IMS), relative to the DRIS, M-DRIS, and CND index analysis (Silva, 2001) . Therefore, the concordance among the methods may vary according to the nutrient dilution (or concentration) degree in the tree according to the diagnosis method. Finally, the M-DRIS (by the IMS) and the CND (by the G(X)) provide information on the referred degree. These methods differ, however, in the aspect that M-DRIS uses the IMS as primary reference, while the G(X), in the CND, does not establish any reference for the diagnosis, at least in the way it has been used in the present study. It is therefore fair to suggest that M-DRIS is sensitive to the effects of dilution or concentration, a fact that calls for further comment.
Selected stands of the low-productivity subpopulation of the Virginópolis site with, different nutrient concentration degrees in the trees (Table 10) where thus investigated, as indicated by the values of IMS (M-DRIS) and of G(X) (CND). The M-DRIS did not detect any limi- Table 4 -Productivity, number, and mean age of Eucalyptus grandis stands in the Central-Eastern region of Minas Gerais. sd = standard deviation; n = number of stands per area. tation by deficiency, represented by the positive response (p) or positive or zero (pz) of the fertilization response potential. The DRIS and the CND, on the other hand, presented similar performance at detecting these responses. The observation of stands where expressive nutrient concentrations (for example, IMS < -15 or G(X) > 1.5) are found, despite the low productivity, indicates that the cause of the low productivity probably lies in problems other than nutritional. On the other hand, in less concentrated stands (for example, IMS = -3.15 or G(X) = 1.196) where not all nutrient contents are greater than the mean values of the respective nutrients of the Virginópolis site (Table 5) , M-DRIS did not detect any response, neither "p" nor "pz", either, whereas the DRIS and the CND gen- Parent & Dafir (1992) ; 2/ > than mean + 0.5 standard of deviation; 3/ MS = dry matter; 4/ number of observations; 5/ geometric mean of contents.
erally identified some nutritional limitation by deficiency. Thus, the DRIS and the CND, in the suggested situation, would recommend fertilization, but that would not happen if the diagnosis were made by the M-DRIS. Therefore, if the limitations of these stands were really of nonnutritional nature, the use of the M-DRIS nutritional di- Parent & Dafir (1992) ; ns e **: not significant and (P < 0.01) by the chi-square test (zero hypothesis: frequency due to coincidence).
agnosis would appear more appropriate. However, if the low productivity were a consequence of nutritional problems as well, the application of the nutritional diagnosis through the DRIS or CND could help boost the productivity, if the non-nutritional problems were also solved. The productivity can be limited by macronutrients (S) and Wadt et al. (1998b) ; 2/ ≤ than mean plus 0.5 standard deviation; 3/ Beaufils (1973) , using the IEN m proposed by Wadt et al. (1998b) ; 4/ Hallmark et al. (1987) , using the equation functions of Jones (1981) by micronutrients, for which the respective norms have not been calculated.
Depending on the chosen form of comparison and the nutrient concentration degree in the trees, very different results can be obtained in relation to the concordance of the methods. The M-DRIS was more sensitive to identify stands with non-nutritional problems, compared to the other methods. In stands with lower nutrient contents and some nutrient concentrations below those of the reference population, the M-DRIS does not detect this limitation, in spite of its nutritional character. In such cases, using diagnosis methods might be more adequate, even though they have lower sensitivity to identify nonnutritional problems. Wadt et al. (1998b) ; 2/ ≤ than mean + 0.5 standard deviation; 3/ Beaufils (1973) , considering the IEN m proposed by Wadt et al. (1998b) ; 4/ Hallmark et al. (1987) , using the equation of Jones (1981) for the calculation of the functions; 5/ Parent & Dafir (1992) ; p = primary limiting by deficiency; n = primary limiting by excess. 
